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Mast cells represent a heterogeneous cell population that is
well-known for the production of heparin and the release of
histamine upon activation. Serglycin is a proteoglycan that
within mast cell �-granules is predominantly decorated with the
glycosaminoglycans heparin or chondroitin sulfate (CS) and has
a known role in granule homeostasis. Heparanase is a heparin-
degrading enzyme, is present within the �-granules, and con-
tributes to granule homeostasis, but an equivalent CS-degrad-
ing enzyme has not been reported previously. In this study,
using several approaches, including epitope-specific antibodies,
immunohistochemistry, and EM analyses, we demonstrate that
human HMC-1 mast cells produce the CS-degrading enzymes
hyaluronidase-1 (HYAL1) and HYAL4. We observed that treat-
ing the two model CS proteoglycans aggrecan and serglycin with
HYAL1 and HYAL4 in vitro cleaves the CS chains into lower
molecular weight forms with nonreducing end oligosaccharide
structures similar to CS stub neoepitopes generated after diges-
tion with the bacterial lyase chondroitinase ABC. We found that
these structures are associated with both the CS linkage region
and with structures more distal toward the nonreducing end of
the CS chain. Furthermore, we noted that HYAL4 cleaves CS
chains into lower molecular weight forms that range in length
from tetra- to dodecasaccharides. These results provide first evi-
dence that mast cells produce HYAL4 and that this enzyme may
play a specific role in maintaining �-granule homeostasis in
these cells by cleaving CS glycosaminoglycan chains attached to
serglycin.

Mast cells are a heterogeneous population of cells, well-
known for the release of histamine on activation, as well as the
production of heparin (1). Histamine, along with a myriad of
molecules from growth factors, chemokines, and proteases, are
stored in the �-granules of mast cells (2). These molecules are
protected within the �-granules by the glycosaminoglycan
(GAG)2 chains that decorate the proteoglycan (PG) serglycin

(2). The storage of histamine and serotonin in mast cell gran-
ules depends on the presence of serglycin (3), specifically its
GAG chains (4 –6). The GAG chains that decorate mast cell
serglycin vary depending on the species and origin of the tissue
(7). Mast cell serglycin may be decorated with heparin (1, 8), a
mixture of oversulfated chondroitin sulfate (CS), and heparin/
heparan sulfate (HS) (9, 10) or exclusively with CS (11, 12). On
activation, mast cells release the contents of their �-granules
into the surrounding tissue, also known as degranulation. The
difference in pH between the �-granule and the surrounding
tissue is one mechanism that facilitates the release of mediators
from the GAG chains within the granules to the surrounding
tissue because of the change in electrostatic interaction (13).
The depolymerization of GAG chains also aids in the release of
proteases into the surrounding tissue on �-granule degranula-
tion, with partial depolymerization of HS/heparin by hepara-
nase facilitating release of proteases (14), although an equiva-
lent enzyme for the depolymerization of CS produced by mast
cells has yet to be reported.

CS consists of the repeating disaccharide structure of
-4GlcUA�1�3GalNAc�1- (GlcUA � D-glucuronic acid and
GalNAc � N-acetyl-D-galactosamine). The repeating disaccha-
ride structure may be sulfated at one or multiple positions, with
O-sulfation at C2 on GlcUA and four and/or six positions on
GalNAc. CS disaccharide structures are commonly referred to
as CS-A (GlcUA-GalNAc(4S)), CS-B (GlcUA(2S)-GalNAc(4S)),
CS-C (GlcUA-GalNAc(6S)), CS-D (GlcUA(2S)-GalNAc(6S)),
CS-E (GlcUA-GalNAc(4S,6S)), and CS-T (GlcUA(2S)-
GalNAc(4S,6S)), where 2S, 4S, and 6S represent 2-O-sulfate,
4-O-sulfate, and 6-O-sulfate, respectively. The study of these
structures is aided by several monoclonal antibodies against
specific CS chain disaccharides. The antibody clone CS-56 rec-
ognizes CS-A and CS-D disaccharide motifs (15, 16). CS-D can
also be recognized by the antibody clone MO-225 (17). CS-E
has also been shown to be recognized by the mAb clones E-12C
and E-18H (18). In addition to CS disaccharide chain struc-
tures, several monoclonal antibodies, referred to as anti-CS
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stub antibodies, were developed against bacteria-derived chon-
droitinase (C’ase) ABC generated “neo”-stub epitope structures
(19, 20). Exhaustive treatment of a CS-decorated PG with bac-
terial C’ase ABC generates terminal unsaturated disaccharide
structures, �HexUA-GalNAc, following the linkage region tet-
rasaccharide (GlcUA-Gal-Gal-Xyl) (Gal � D-galactose, Xyl �
D-Xylose). The anti-CS neo-stub antibodies 1B5, 2B6, 3B3
detect the terminal unsaturated �HexUA-GalNAc(0S),
�HexUA-GalNAc(4S), or �HexUA-GalNAc(6S), respectively.
The antibody clone 3B3 also detects a nonreducing, terminal
saturated CS disaccharide, GlcUA-GalNAc(6S) not generated
by C’ase ABC treatment (21), commonly referred to as 3B3(�).
Similarly, clone 2B6 detects a CS chain structure in the absence
of C’ase ABC in rodent-derived mast cells, referred to as 2B6(�)
(22); however, the epitope has not been reported.

Although the biosynthesis of CS is well-known, the mamma-
lian enzymes responsible for its turnover in tissues are not well-
defined. Cellular degradation of CS occurs in the lysosomes and
is a highly ordered process that depends on specific hydrolases
(23). Degradation of CS starts with the catabolism of the poly-
saccharide chain by endolytic cleavage. The polysaccharide
chain is then degraded into smaller saccharide units via multi-
ple sulfatases and exoglycosidases (23). The family of hyalu-
ronidases (HYAL), of which there are six members, HYAL1,
HYAL2, HYAL3, HYAL4, SPAM1 (PH-20), and HYALP1, were
named because of their ability to degrade hyaluronan (HA) (23),
although a number of them have also been shown to degrade CS
(24). Human HYAL1 and testicular hyaluronidase (SPAM1)
degrade CS as well as HA to a similar extent (25), whereas
HYAL4 has specificity toward CS-C and CS-D (24), but not HA.
HYAL1 is ubiquitously expressed, whereas HYAL4 has only
been shown to be synthesized in placentae, skeletal muscle
(26), and testis (24). Both HYAL and C’ase ABC cleave CS at
the GalNAc�134GlcUA linkage; however, HYAL is a
hydrolase, generating a terminal saturated disaccharide
structure, whereas C’ase ABC is an eliminase that generates
a terminal unsaturated structure.

This study demonstrated the production of the CS depo-
lymerizing enzymes HYAL1 and HYAL4 by mast cells and is the
first report of a mammalian CS depolymerization enzyme pro-
duced by mast cells. Specially, this study demonstrated that
HYAL4 can degrade the CS attached to the proteoglycans ser-
glycin and aggrecan.

Results

CS produced by mast cells

The CS produced by mast cells was explored using the
HMC-1 cell line by flow cytometry (Fig. 1, A and B). HMC-1
cells expressed CS with epitopes detected by the antibody clone
CS-56 (Fig. 1A). The level of this epitope varied depending on
the activation state and whether the cells were permeabilized,
demonstrating a difference in expression of CS chains after
activation, and whether the epitope was cell surface–associated
or intracellular. HMC-1 cells also expressed CS with the
2B6(�) epitope (Fig. 1B). The level of this epitope varied slightly
depending on the activation state of the mast cells, with a slight
increase compared with the experimental controls (cells alone

or probed with mouse Ig). The localization of the 2B6(�)
epitope in mast cells was further explored using immuno-EM
(Fig. 1C). Immunolocalization of the 2B6(�) epitope was ubiq-
uitous throughout the mast cell being associated with multiple
cell organelles (Fig. 1C, i, black arrows), the cell cytoplasm (Fig.
1C, i, white arrows), and multiple regions within the cell nucleus
(Fig. 1C, ii, dark region, black arrows; light region, white arrows).
No immunoreactivity was detected within the negative controls
using gold nanoparticle-conjugated secondary antibodies in the
absence of the primary antibody, supporting the specificity of
the 2B6(�) reactivity.

Mast cells were identified in the dermis of human skin via
toluidine blue staining (Fig. 2A) and immunolocalization of
mast cell tryptase (Fig. 2B). CS was also detected in the dermis
as detected by the anti-CS antibody clone 2B6 following C’ase
ABC digestion that detected 4-sulfated CS stubs and this anti-
body without C’ase ABC treatment (2B6(�)) (Fig. 2, C and D).
The 4-sulfated CS stub (2B6(�)) was localized throughout the
dermis, with cells stained more intensely than the surrounding
tissue (Fig. 2C, indicated by black arrows). In contrast, the
2B6(�) epitope was detected in cells of similar localization and
morphology (Fig. 2D, indicated by black arrows) as mast cells
(Fig. 2, A and B). CS detected by antibody clone 3B3 either with
or without C’ase ABC treatment was not present in the skin
tissue (Fig. 2, E and F) whereas no reactivity was observed for
the isotype control (Fig. 2G). These results suggested that mast
cells possessed CS with a unique CS chain structure that may be
the result of processing of the CS chain.

Mast cells produce HYAL1 and HYAL4

To explore whether mast cells produced enzymes capable of
cleaving CS chains, the expression of HYAL1 and HYAL4 by
HMC-1 cells was explored. HMC-1 cells were found to express
both HYAL4 (Fig. 3, A and B) and HYAL1 (Fig. 3, C and F) as
determined by flow cytometry. The expression of HYAL4 by
nonpermeabilized cells (Fig. 3A) was greater than for permea-
bilized cells as indicated by a shift in the fluorescence level (Fig.
3B), suggesting HYAL4 was associated with the cell surface. In
contrast, HYAL1 was detected in the permeabilized cells (Fig.
3D) but not the nonpermeabilized cells (Fig. 3C). In addition,
HMC-1 cell lysate was analyzed for the presence of HYAL4 by
Western blotting (Fig. 3E). A band at �55,000 relative molecu-
lar mass (Mr) was detected, indicating the presence of HYAL4.
Human dermal tissue was also probed for the presence of
HYAL4, which was detected within the dermis and the basal
region of the epithelium (Fig. 3F). These data demonstrate that
mast cells produce the CS depolymerizing enzymes HYAL1 and
HYAL4 that may be responsible for generating the 2B6(�)
reactivity demonstrated in HMC-1 cells and human dermal
tissue.

HYAL1 and HYAL4 depolymerize CS chains that decorate
CSPGs

Having established that mast cells produce HYAL1 and
HYAL4, it was of interest to determine whether depolymeriza-
tion of CS by these enzymes would result in the generation of
unique CS epitopes, such as those detected with the CS stub
antibodies 2B6 and 3B3. Model CSPGs, ACAN and SGN were
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Figure 1. CS expression and localization by mast cells. A and B, expression of CS (clone CS-56) (A) and 2B6 (�) (B) by HMC-1 cells as determined by flow
cytometry for nonpermeabilized and permeabilized cells compared with cell alone or isotype control. C, immunolocalization of CS using clone 2B6(�) in HMC-1
cells determined by immune-TEM ubiquitously throughout the cell, including multiple cell organelles (i insert, indicated by black arrows), and cytoplasm
(i insert, indicated by white arrows) and multiple regions within the cell nucleus including the dark region (ii insert, indicated by black arrows), and light region
(ii insert, indicated by white arrows).
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treated with recombinant human HYAL1 and mouse HYAL4
(Fig. 4, A, C, and E), and recombinant human HYAL4 (Fig. 4, B,
D, and F). Confirmation of CS depolymerization was demon-
strated by ELISA following HYAL treatment of CSPGs ACAN
and SGN, as measured by the loss of immunoreactivity of CS-56
epitopes, suggesting loss of CS chains that decorate ACAN (Fig.
4A) and SGN (Fig. 4B). Experimental controls, in the absence of
enzyme treatment, showed presence of CS chain epitopes in
both ACAN and SGN samples. Following the treatment with
C’ase ABC, the presence of CS chain epitopes were decreased in
both ACAN and SGN samples. Similarly, when ACAN and
SGN were subject to either HYAL1 or HYAL4 treatment,
immunoreactivity of CS chain epitopes was decreased as com-
pared with the nondigested samples.

To investigate the generation of CS epitopes detected by the
monoclonal antibodies 2B6 and 3B3, ACAN (Fig. 4, C and E)
and SGN (Fig. 4, D and F) were treated with C’ase ABC, HYAL1,
or HYAL4 and probed for the presence of 2B6 (Fig. 4, C and D)
or 3B3 (Fig. 4, E and F) epitope structures using ELISA. Treat-
ment of ACAN with C’ase ABC generated epitopes that were
detected with the antibody clone 2B6, whereas treatment with
either HYAL1 or HYAL4 did not (Fig. 4C). Similar to ACAN,
treatment of SGN with C’ase ABC generated epitopes detected
with the antibody clone 2B6, whereas HYAL4 did not (Fig. 4D).
Treatment of ACAN with either C’ase ABC, HYAL1, or HYAL4
generated epitope structures that were detected with the anti-
body clone 3B3 (Fig. 4E). Following treatment of SGN with
C’ase ABC or HYAL4, epitopes detected by the antibody clone
3B3 were generated following treatment with HYAL4, whereas
they were not generated following treatment with C’ase ABC

(Fig. 4F). Native epitopes detected by antibody clones 2B6 or
3B3 on CS that decorated SGN were not evident, as demon-
strated by no reactivity when probing for the antibody epitopes
in the absence of enzyme treatment (control) (Fig. 4, D and F).
Immunoreactivity toward the 1B5 epitope was not detected fol-
lowing treatment of ACAN or SGN with C’ase ABC, HYAL1, or
HYAL4 (data not shown) and was not examined further in this
study. These data demonstrate that following depolymerization
of CS chains that decorate CSPGs by both C’ase ABC and
HYAL, structures are generated that can be detected with the
CS stub antibodies, suggesting that HYAL may be the enzyme
responsible for generating the so-called native CS structures
present in mast cells.

To further investigate the depolymerization of CS chains that
decorate CSPGs, the presence and generation of CS structures
following treatment in time course experiments was evaluated.
Results demonstrated both HYAL1 and HYAL4 were produced
by mast cells and depolymerized CS, HYAL4 was chosen to
further investigate depolymerization of CS chains. Model
CSPGs, ACAN and SGN, were treated with C’ase ABC and
HYAL4 for up to 720 min at which exhaustive treatment was
reached. Following treatment, samples were coated onto high-
binding well plates, and depolymerization of CS chains was
evaluated by presence of CS-56 epitopes, and generation of CS
structures by the presence of 2B6 and 3B3 epitopes (Fig. 5).
Following treatment of ACAN with C’ase ABC, immunoreac-
tivity of CS-56 epitopes was shown to be constant up to �300
min, with a decrease in reactivity at 720 min (Fig. 5A). Over the
period of C’ase ABC treatment of ACAN, the immunoreactivity
of the 2B6 and 3B3 epitopes increased (Fig. 5B), with the
appearance of the 3B3 reactivity being slightly delayed (Fig. 5C).
Treatment of ACAN with HYAL4 showed CS-56 epitopes
decreased over the duration of treatment (Fig. 5D), indicating
depolymerization of CS chains. This did not correspond with
the generation of 2B6 epitopes (Fig. 5E); however, the decrease
in CS-56 epitopes correlated to an increase in the detection of
3B3 epitopes (Fig. 5F). Treatment of SGN with C’ase ABC gave
a similar picture to that seen with ACAN, showing a decrease in
the immunoreactivity of epitopes detected with antibody CS-56
(Fig. 5G), suggesting depolymerization of CS that decorates the
SGN protein core. Depolymerization of CS decorating SGN
corresponded with the generation of epitopes detected with the
antibody clone 2B6 (Fig. 5H), whereas the detection of 3B3
epitopes increased at �240 min (Fig. 5I). HYAL4 treatment of
SGN resulted in a decrease in CS-56 immunoreactivity from 0
to 60 min, whereas from 60 min onwards the immunoreactivity
plateaued, demonstrating depolymerization of CS chains that
decorated SGN (Fig. 5J). Epitopes detected with the 2B6 anti-
body were not generated following treatment of SGN with
HYAL4 (Fig. 5K), however 3B3 epitopes were shown to be gen-
erated and immunoreactivity increased up to 120 min, which
corresponded with the decrease of CS-56 epitope (Fig. 5L).
These data further demonstrate depolymerization of CS chains
that decorated CPSGs by HYAL4. Surprisingly, these data also
demonstrate that structures can be more distal to the linkage
region toward the nonreducing end.

Figure 2. Localization of mast cells and CS in human dermal tissue. A–G,
sections were characterized by staining with toluidine blue that indicates
mast cells in magenta (A), mast cell tryptase (B), CS detected by 2B6(�) (C),
2B6(�) (D), 3B3(�) (E), 3B3(�) (F), and mouse IgG (G). Positive (�) and nega-
tive (�) indicate tissue sections with and without treatment with C’ase ABC
prior to antibody probing. Arrows indicate cells of interest. Scale bar in low
magnification images � 300 �m and high magnification images � 20 �m.
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HYAL1 and HYAL4 depolymerize isolated CS chains

The results presented above suggest that CS structures gen-
erated by either C’ase ABC or HYAL and detected by CS anti-
bodies 2B6 or 3B3 can be terminal chain nonreducing struc-
tures and are therefore not only associated with the PG linkage
region. This was further explored by the treatment of CS chains,
in the absence of a protein core, with C’ase ABC or HYALs and
the generation of epitopes detected by 2B6 and 3B3 antibody
clones. Biotinylated CS, CS-A, and CS-C, attached to streptavi-
din ELISA plates were treated with HYALs and the immunore-
activity of CS epitopes CS-56, 2B6, and 3B3 was investigated.
Detection of CS-56 epitopes on CS-A and CS-C chains
decreased following treatment with both HYAL1 and HYAL4,

as compared with nontreated CS (Fig. 6A). Treatment with
HYAL1 increased detection of 2B6 epitopes on CS-A (Fig. 6B)
and 3B3 epitopes on CS-C (Fig. 6C) as compared with CS chains
in the absence of HYAL1 treatment. Similar results were shown
following treatment with HYAL4, with increased detection of
2B6 epitopes on CS-A (Fig. 6D) and 3B3 epitopes on CS-C (Fig.
6E), compared with the absence of HYAL treatment. Genera-
tion of 2B6 (Fig. 6F) and 3B3 epitopes (Fig. 6G) on CS-A and
CS-C was investigated following treatment with C’ase ABC.
Results showed increased detection of 2B6 epitopes on CS-A,
and 3B3 on both CS-A and CS-C as compared with samples in
the absence of C’ase ABC digestion, further demonstrating the
ability of HYAL4 to generate these mAb epitopes in the absence

Figure 3. Mast cells produce CS degrading enzymes. A and B, HYAL4 detected in mast cells by flow cytometry. A, cells were not permeabilized prior to
probing with HYAL4. B, cells were permeabilized prior to probing with HYAL4. C and D, HMC-1 cells probed for the presence of HYAL1 by flow cytometry. C, cells
were not permeabilized prior to probing with HYAL4. D, cells were not permeabilized prior to probing with HYAL4. E, Western blot analysis of HMC1 lysate
probed for the presence of HYAL4. F, immunolocalization of HYAL4 in human skin.
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of the PG linkage region. These data together with the results
presented in Fig. 5 demonstrate the exolytic cleavage of CS
chains with C’ase ABC generating both 2B6 and 3B3 epitopes
over time (Fig. 7A), which depends on the CS disaccharide com-
position of the GAG being analyzed. Thus, the structure pres-
ent at the nonreducing end may be either �HexUA-GlNAc(4S)
or �HexUA-GlNAc(6S). However, absence of the 2B6 epitope
being generated following HYAL4 treatment suggests endolytic
cleavage, with preferential cleavage of the �134 glycosidic
bonds with the GlcUA-GlNAc(6S) disaccharide structures on
the reducing side (Fig. 7B).

HYAL generates lower molecular weight forms of CS

To further evaluate depolymerization of CS by HYAL4 and
the CS structures generated following treatment, analysis of
diethylaminoethyl-enriched recombinant SGN CS chains (Fig.
8, A–C), as well as oligosaccharides from the linkage region
(Fig. 8, D–F), was carried out. Recombinant SGN was treated
with HYAL4 or C’ase ABC, followed by labeling with the fluo-
rophore 2AB and gel filtration on a Superdex peptide column,
to obtain CS structures within the CS-disaccharide repeating
region. In the absence of treatment (Fig. 8A), a peak with a
retention time of �62 min was observed, indicative of excess
labeling agent. Treatment with HYAL4 (Fig. 8B) yielded multi-
ple peaks that eluted between �25–38 min. They correspond to
CSoligosaccharides thatrangedinsize fromtetra- tododecasac-
charides. Digestion of SGN with C’ase ABC (Fig. 8C) resulted
disaccharides shown as a peak with retention time of �44 min.
Analysis of the saccharide structures of the linkage region was
also performed by gel filtration (Fig. 8, D–F) and anion
exchange HPLC (Fig. 8, G–I). GAG chains were released from
the protein core of SGN by alkaline treatment and the reducing
end was labeled with 2AB. The labeled GAGs were treated with
either HYAL4 or C’ase ABC and analyzed. Nontreated CS (Fig.
8D) resulted in a peak at the initial void volume (�20 min)
indicative of nondigested GAG chains. Peaks were also
observed at �40, 42, and 48 min, although these peaks were also
observed for the treated samples. Therefore, they were not
assigned as a product produced by HYAL4 or C’ase ABC treat-
ment. The size of oligosaccharides from the linkage region of
SGN following HYAL4 treatment ranged from hexa- to do-
decasaccharides in length (as indicated) (Fig. 8E), whereas, the
size of oligosaccharides following C’ase ABC treatment were
observed to be hexasaccharides (Fig. 8F), corresponding to
�HexUA-GalNAc-GlcUA-Gal-Gal-Xyl-2AB. These data dem-
onstrate that although HYAL4 and C’ase ABC cleave CS at the
GalNAc�134GlcUA linkage, HYAL4 requires a different
structure present for cleavage to occur and is not able to cleave
the CS chains as frequently, indicating a more restricted cleav-
age site specificity.

Oligosaccharides at the linkage region of SGN were further
analyzed via anion exchange HPLC (Fig. 8, G–I). In the absence
of treatment (Fig. 8G), peaks were observed at early retention
times (�15–25, 32 min); these peaks were also observed follow-
ing treatment with both HYAL4 and C’ase ABC at similar
retention times and peak intensity, suggesting that they had
been present during preparation of the sample. Oligosaccha-
rides present at the linkage region of SGN following treatment
with HYAL4 (Fig. 8H) were observed at the retention times of
the linkage region standards �HexUA-GalNAc-GlcUA-Gal-
Gal-Xyl (b), �HexUA-GalNAc-GlcUA(6S)-Gal-Gal-Xyl (c),
�HexUA-GalNAc-GlcUA(4S)-Gal-Gal-Xyl (d), and �HexUA-
GalNAc(4S)-GlcUA-Gal-Gal-Xyl(2P) (e); however, as HYAL4
is an hydrolase the �HexUA would be a GlcUA. Peaks were also
observed at �45 min and �52 min and were predicted to be
disulfated (†) and trisulfated hexasaccharide (‡) structures
respectively. A similar profile was observed of oligosaccharides
within the linkage region of SGN following C’ase ABC treat-
ment (Fig. 8I). As the disaccharide composition of GAG chains

Figure 4. HYAL cleaves CS chains on CSPGs and generates CS cleavage
epitopes. A–F, expression of CS chain epitopes (CS-56) on aggrecan (ACAN)
(A) and recombinant serglycin (SGN) (B) following C’ase ABC or HYAL diges-
tion, including recombinant human HYAL1 and mouse HYAL4 (A, C, and E)
and recombinant human HYAL4 (B, D, and F). Generation of CS stub neo-
epitopes following C’ase ABC or HYAL digestion of ACAN (A and C), or SGN (D
and F) detected using the epitopes 2B6 (C and D) and/or 3B3 (E and F). Data
presented as mean � S.D.
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is heterogeneous, the oligosaccharide structures at the linkage
region were also evaluated after HYAL4 treatment of PG
derived from salmon nasal cartilage was also evaluated (Fig. 9).
A peak corresponding to the void volume was observed for
nontreated samples analyzed by gel filtration HPLC (Fig. 9A).
Analysis of samples treated with HYAL4 revealed oligosaccha-

rides ranging from hexa- to dodecasaccharides in length (Fig.
9B), whereas C’ase ABC treatment generated hexasaccharides
(Fig. 9C). Oligosaccharides at the linkage region of PG derived
from salmon nasal cartilage were further analyzed via anion
exchange HPLC (Fig. 9, D–F ). In the absence of treatment (Fig.
9D), no peaks were observed. After HYAL4 treatment (Fig. 9E),

Figure 5. Depolymerization of CSPGs, removal of CS chain epitopes and generation of CS cleavage epitopes. A–L, depolymerization of CS that decorates
the PGs ACAN (A–F) and SGN (G–L) by C’ase ABC (A–C and G–I) and HYAL4 (D–F and J–L) over a period of 12 h demonstrating loss of CS chain epitopes through
the detection of CS-56 mAb epitope and generation of CS cleavage epitopes through detection of 2B6 and 3B3 mAb epitopes.

Figure 6. HYAL generates CS cleavage epitopes on CS chains. A, presence of CS chain epitopes detected with antibody clone CS-56 following HYAL
digestion. B–G, biotinylated CS-A and CS-C were treated with HYAL1 (B and C), HYAL4 (D and E), or C’ase ABC (F and G) and probed for the presence of epitopes
detected with the antibody clones 2B6 (B, D, and F) or 3B3 (C, E, and G). Control indicates no enzyme treatment. Data presented as mean � S.D.
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peaks were observed at the elution positions corresponding to
the linkage region standards �HexUA-GalNAc-GlcUA-Gal-
Gal-Xyl (b), �HexUA-GalNAc-GlcUA(6S)-Gal-Gal-Xyl (c),
and �HexUA-GalNAc-GlcUA(4S)-Gal-Gal-Xyl (d). As for the
HYAL4-treated SGN, the resulting structures would have
GlcUA in place of �HexUA at the nonreducing end. Peaks were
also observed at �35, 42, 45, and �52 min and were predicted
to be nonsulfated octasaccharides (¶) and decasaccharides (§),
and disulfated (†) and trisulfated hexasaccharides (‡), respec-
tively. Whereas, C’ase ABC treatment (Fig. 9F) generated peaks
corresponding to �HexUA-GalNAc-GlcUA-Gal-Gal-Xyl (b),
�HexUA-GalNAc-GlcUA(6S)-Gal-Gal-Xyl (c), and �HexUA-
GalNAc-GlcUA(4S)-Gal-Gal-Xyl (d). These data further con-
firm the ability of HYAL4 to generate larger CS oligosaccha-
rides probably because of a restricted cleavage site specificity.

Discussion

This study demonstrated the production of CS depolymeriz-
ing enzymes from the hyaluronidase (HYAL) family by human-
derived mast cells. It was demonstrated that HYAL4 cleaves CS

chains into oligosaccharides with low molecular weight. These
data suggest that mast cells produce a CS depolymerizing
enzyme that may play a part in regulating �-granule mediator
storage and degranulation. Additionally, model CSPGs ACAN
and SGN were used to investigate CS structures produced by
HYAL and demonstrated the generation of structures detected
by antibodies (2B6 and 3B3) previously thought to be generated
only via treatment of CS by bacterial lyases.

This study demonstrated the depolymerization of CS by
C’ase ABC and HYAL4. Both C’ase ABC and HYAL4 cleave the
N-acetylgalactosaminidic bond at the GalNAc�134GlcUA
linkage. C’ase ABC is an eliminase, resulting in a terminal
�HexUA-GalNAc, whereas HYAL is a hydrolase, generating a
terminal GlcUA-GalNAc. Treatment with C’ase ABC results in
disaccharides, with no specificity toward the sulfate position
around the �134 linkage cleavage site, whereas, treatment of
CS with generates oligosaccharides including octasaccharides
(24). The data presented here demonstrate generation of
dodecasaccharides following HYAL4 treatment of SGN and
salmon nasal cartilage ACAN. HYAL4 preferentially cleaves

Figure 7. Schematic of CS structures generated by treatment of CSPGs with C’ase ABC or HYAL4. A, treatment of a CSPG with C’ase ABC will result in
cleavage of the CS chain into disaccharides. Over time the chain will get shorter until exhaustive treatment. Epitopes generated at the nonreduced end will
depend on sulfation position on GalNAc immediately following �HexUA. B, treatment of a CSPG with HYAL4 will result in endolytic cleavage of CS into
oligosaccharides, where HYAL4 preferentially cleaves the �134 linkage on the nonreducing side of the GlcUA-GalNAc(6S) structure (indicated by the red
arrows). The size of the oligosaccharides will depend on the presence of this cleavage site. Following exhaustive treatment, the remaining structure may be a
hexasaccharide or larger oligosaccharides, depending on the position of the innermost cleavage site along CS toward the linkage region tetrasaccharide (LR)
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the �134 linkage, �GlcUA-GalNAc-GlcUA-GalNAc(6S)� to
produce �GlcUA-GalNAc and GlcUA-GalNAc(6S)�, where
the 3B3 antibody clone detects GlcUA-GalNAc(6S)�. In vitro

experiments using ACAN, SGN, CS-A, and CS-D demon-
strated the generation of CS structures detected by the antibody
clone 3B3, with minimal generation of structures detected by

Figure 8. HYAL4 treatment of recombinant serglycin generates oligosaccharides up to dodecasaccharides in length. A–F, gel filtration of 2AB-labeled saccha-
ride structures generated from recombinant SGN. CS chains decorating the SGN protein core were nontreated (A) or treated with HYAL4 (B) or C’ase ABC (C). Saccharide
structures were 2AB-labeled and analyzed by gel filtration HPLC on a Superdex peptide column. D–F, oligosaccharides from the linkage region of SGN were generated
by alkaline treatment, labeled at the reducing end with 2AB (D) and treated with HYAL4 (E) or C’ase ABC (F). G–I, oligosaccharides from the linkage region were further
analyzed by anion-exchange HPLC following no treatment (G), HYAL4 (H) or C’ase ABC (I) treatment. * indicates excess 2AB labeling reagent, # indicates impurity.
Elution positions of 2AB-labeled disaccharide standards are indicated by numbered arrows 1 � �HexUA-GalNAc, 2 � �HexUA-GalNAc(6S), 3 � �HexUA-GalNAc(4S),
4 � �HexUA(2S)-GalNAc(6S), 5 � �HexUA-GalNAc(4S,6S), 6 � �HexUA(2S)-GalNAc(4S,6S), and linkage region standards a � �HexUA-Gal-Gal-Xyl, b � �HexUA-
GalNAc-GlcUA-Gal-Gal-Xyl, c � �HexUA-GalNAc(6S)-GlcUA-Gal-Gal-Xyl, d � �HexUA-GalNAc(4S)-GlcUA-Gal-Gal-Xyl, e � �HexUA-GalNAc-GlcUA-Gal-Gal-Xyl(2P).
Based on retention times predicted structures † � disulfated hexasaccharide, ‡ � trisulfated hexasaccharide.

Mast cells produce enzymes that generate CS oligosaccharides

J. Biol. Chem. (2019) 294(30) 11458 –11472 11467



the clone 2B6, whereas, analysis of mast cells in vivo and in vitro
(22, 27), as well as the presented data, demonstrated the detec-
tion of epitopes recognized by the antibody clone 2B6 in the
absence of C’ase ABC, previously referred to as 2B6(�). It was
hypothesized that these structures were generated by HYAL4
and may not be native. The native 3B3 epitope, referred to as
3B3(�), identifies progenitor cell populations that play a role in
chondrogenesis, intervertebral disc development, and skin
morphogenesis (28 –30) and is commonly associated with
human osteoarthritic cartilage tissue (31). Detection of 2B6(�)
has previously been reported in rodent-derived mast cells and
tissue (22, 27) and in human osteoarthritic cartilage tissue (32).
The presence of mast cells has been demonstrated in both
osteoarthritis and rheumatoid arthritis (33), with increased
presence in the diseased state as compared with healthy tissue
(34). Both 2B6 and 3B3 epitope arthritic tissues may not be a
native structure. Rather the presence of these structures, in the
absence of C’ase ABC treatment, may indicate the presence of
mast cells or the expression of HYAL1 or HYAL4 by other cell
types. The Hyal1 knockout mouse has focused primarily on the
effect of HA accumulation (35, 36). The effect on CS structure

and accumulation has only been explored in a double knockout
with �-hexosaminidase (37). The Hyal4-depleted mouse model
has yet to be reported in the literature. HA and HYAL are key
players in inflammation (38); elevated HYAL has been associ-
ated with inflammatory pathologies including rheumatoid
arthritis (39), and Hyal1 overexpression linked to immune
modulation (40). Given the prevalence of mast cells in inflam-
matory pathology (41) and the association of the 2B6(�)
epitope in osteoarthritis, it will be of interest to observe the
effect on mast cell homeostasis and function in not only
the Hyal4-devoid model but disease-challenged Hyal-devoid
models.

Partial digestion of ACAN and SGN with C’ase ABC and
HYAL4 gave insight into the specificity of HYAL4. Treatment
of ACAN and SGN with C’ase ABC generated structures
detected with antibody clones 2B6 and 3B3. The concurrent
detection of CS chain epitopes suggests the 2B6 and 3B3
epitopes are not required to be adjacent to the linkage region of
the CSPG; rather, they can be located distally along the chain
toward the nonreducing terminus (Fig. 7). This was further sup-
ported by the generation of these structures on CS-A and CS-D

Figure 9. HYAL4 treatment of salmon nasal cartilage generates oligosaccharides up to dodecasaccharides in length. A–C, gel filtration of 2AB-labeled
saccharide structures generated PG derived from salmon nasal cartilage. Oligosaccharides from the linkage region of the PG were generated by alkaline
treatment, labeling the reducing end with 2AB (A) and treated with HYAL4 (B) or C’ase ABC (C). D–F, oligosaccharides from the linkage region were further
analyzed by anion exchange HPLC following no treatment (D) or HYAL4 (E) or C’ase ABC (F) treatment. Elution positions of 2AB-labeled disaccharide standards
are indicated by numbered arrows 1 � �HexUA-GalNAc, 2 � �HexUA-GalNAc(6S), 3 � �HexUA-GalNAc(4S), 4 � �HexUA(2S)-GalNAc(6S), 5 � �HexUA-
GalNAc(4S,6S), 6 � �HexUA(2S)-GalNAc(4S,6S), and linkage region standards a � �HexUA-Gal-Gal-Xyl, b � �HexUA-GalNAc-GlcUA-Gal-Gal-Xyl, c � �HexUA-
GalNAc(6S)-GlcUA-Gal-Gal-Xyl, d � �HexUA-GalNAc(4S)-GlcUA-Gal-Gal-Xyl, Based on retention times predicted structures † � disulfated hexasaccharide, ‡ �
trisulfated hexasaccharide, ¶ � nonsulfated octasaccharide, § � nonsulfated decasaccharide.

Mast cells produce enzymes that generate CS oligosaccharides

11468 J. Biol. Chem. (2019) 294(30) 11458 –11472



chains in the absence of the PG core protein and linkage region.
Treatment of ACAN and SGN with HYAL4 did not result in the
generation of 2B6 reactive structures, rather it generated 3B3
reactive structures, suggesting the terminal structure of
GlcUA-GalNAc(6S). Because CS that decorates mast cell–
derived SGN is predominantly CS-E, the antibody clone 2B6
may react with a terminal disulfated GlcUA-GalNAc(4S,6S)
structure in mast cells. The composition of the CS chains that
decorate the model CSPGs were highly likely to differ from that
of CS that decorates mast cell– derived SGN. As ACAN con-
tains predominantly CS-A (GlcUA-GalNAc(4S)) and CS-C
(GlcUA-GalNAc(6S)) disaccharides, and recombinant SGN
was reported to be decorated with CS composed of CS-A and
CS-D (GlcUA(2S)-GalNAc(6S)) disaccharides (42); therefore,
treatment of either ACAN or recombinant SGN with HYAL
would generate minimal structures capable of reacting with the
antibody clone 2B6.

Mediators within the mast cell �-granules are protected by
the GAG chains that decorate SGN, which are predominantly
heparin or CS-E, depending on the species and the tissue that
the mast cell resides in (13). The interaction between specific
GAG chains and mediators has been investigated using a num-
ber of different knockout mouse models. SGN-depleted mast
cells demonstrated increased disruption to the storage of medi-
ators within the �-granules and absence of tryptase within mast
cell extracts (43). Mast cells devoid of heparin because of the
depletion of Ndst2 were not able to store mast cell protease
(mMCP)-4, mMCP-5, or carboxypeptidase (5), demonstrating
the role this GAG chain plays in the homeostasis of mast cell
granule contents. However, depletion of heparin did not erad-
icate storage of mast cell granule mediators entirely, with
expression of mMCP-6 and mMCP-7 observed, suggesting that
another GAG in addition to heparin is also responsible for their
storage. Depletion of the enzyme, Galnac4s-6st, responsible for
GalNAc(4S,6S) residues demonstrated reduced expression of
mMCP-6 (protein) in mast cells (6), supporting the concept
that CS, specifically CS-E, contributes to the storage of media-
tors within mast cell �-granules. Tryptase is stored within the
�-granules as an active tetramer in a complex with GAG chains,
with the minimal oligosaccharide length of 8 –10 saccharides
required for formation of this complex (44). Heparanase, a
mammalian endo-�-glucuronidase, is capable of degrading of
HS (45) as well as heparin (46). Heparanase within the granules
of mast cells has also been shown to maintain granule homeo-
stasis (46) by controlling the degradation of heparin that deco-
rates mast cell SGN. By modifying the size of heparin, hepara-
nase was demonstrated to have an indirect role in regulating the
storage of �-granule mediators, as well as in the degranulation
process. To date, an equivalent enzyme responsible for the
cleavage of mast cell CS has not been reported. Data presented
here demonstrated cleavage of CS chains into oligosaccharides.
The oligosaccharides ranged from tetra- to dodecasaccharides
in length, thus exhibiting the ability to process CS chains into
lower molecular weight forms of similar sizes shown to be
important in the storage of tryptase as an active tetramer. In
summary, we have demonstrated for the first time that mast
cells produce the CS-degrading enzymes HYAL1 and HYAL4,
supporting the hypothesis that they may be responsible for the

cleavage of CS chains that decorated SGN within the mast cell
�-granules, and that by cleaving these CS chains may play a role
in �-granule homeostasis by regulating mediator storage and
degranulation.

Experimental procedures

Materials

C’ase ABC ((EC 4.2.2.4) purified from Proteus vulgaris pro-
teinase-free lyase I), C’ase B (EC 4.2.2) purified from Flavobac-
terium heparinum, C’ase ACII purified from Arthrobacter
aurescens, and heparinase III (EC 4.2.2.8) purified from F. hepa-
rinum were purchased from Seikagaku Corporation (Tokyo,
Japan). Human HYAL1 and mouse HYAL4 were recombinantly
produced as described previously (25, 47). Recombinant human
HYAL4 was purchased from R&D Systems. Mouse mAbs reac-
tive to the CS stubs following C’ase ABC digestion (clones 1B5,
2B6, and 3B3) were provided by Prof. Bruce Caterson (Cardiff
University, Cardiff, UK) and purchased from Comso-Bio
(Tokyo, Japan). Anti-mouse and anti-rabbit secondary antibod-
ies were purchased from Merck-Millipore (Sydney, Australia).
Secondary HRP-conjugated antibodies were purchased from
Dako (Sydney, Australia). All other chemicals were purchased
from Sigma-Aldrich, unless otherwise stated.

Culture of HMC-1 cells

HMC-1 cells were maintained in RPMI 1640 medium con-
taining 10% (w/w) FBS and 100 units/ml penicillin and 100
�g/ml of streptomycin and maintained in a humidified incuba-
tor (5% CO2/95% air atmosphere at 37 °C); media were replen-
ished every 3– 4 days. Siriganian (SG) activation buffer (119 mM

NaCl, 5 mM KCl, 25 mM PIPES, 5.6 mM dextrose, 0.4 mM MgCl2,
pH 7.25) was prepared and filter sterilized and 0.1% (v/w) BSA
and 1 mM CaCl2 were added before use. Mast cells were chem-
ically activated by adding a protein kinase C activator, 50 nM

phorbol 12-myristate 13-acetate (PMA), and a calcium iono-
phore, 500 nM A23187, 0.1% (v/w) BSA, in SG buffer and equil-
ibrated to 37 °C. Prior to activation cells were washed twice
with SG buffer (containing BSA and CaCl2). Cells were acti-
vated for a period of 2 h. HMC-1 cells were lysed using RIPA
buffer (150 mM sodium chloride, 0.5% sodium deoxycholate,
0.1% SDS, 50 mM Tris, 1% Triton X, pH 8.0) containing protease
inhibitors. Cells were agitated for 30 min at 4 °C in cell lysis
buffer. The solution was centrifuged, and the supernatant was
collected and stored at �20 °C until further analysis.

Flow cytometry

Expression of CS by HMC-1 cells was evaluated by flow
cytometry. HMC-1 cells, suspended in sterile SG buffer at a
concentration of 3 � 106 cells/ml, were analyzed in either their
resting or chemically activated state (PMA/A23187). Cells were
incubated in each condition for 2 h at 37 °C, and then washed in
Dulbecco’s PBS (DPBS) and centrifuged at 1200 rpm for 5 min.
Cells were then fixed and half of the cells were permeabilized
using 300 mM sucrose, 50 mM NaCl, 3 mM MgCl2, 2 mM HEPES,
0.5% (w/v) Triton X-100 for 5 min on ice and blocked using 1%
BSA/DPBS for 20 min at room temperature. 500 �l of cell sus-
pension (5 � 105 cells) was incubated with primary antibodies
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for 16 h at 4 °C. Primary antibodies included mouse monoclo-
nal anti– chondroitin-4 sulfate stub (clone 2B6, 1:500), mouse
monoclonal anti-CS type A and C antibody (clone CS-56, Sigma
Aldrich, 1:500), rabbit polyclonal anti-HYAL1 (ab103977,
Abcam, 1:100), rabbit polyclonal anti-HYAL4 (ab116547, Abcam,
1:100), and isotype controls, mouse IgM or rabbit Ig (Invitro-
gen, 1:500). Cells were then incubated with Alexa Fluor 488 –
conjugated secondary antibodies (1:500, goat anti-mouse IgG/
IgM) for 30 min at room temperature and analyzed using a flow
cytometer (BD Biosciences) with 1 � 104 events collected per
sample. Data were analyzed using the commercial software,
FCS 4 Express.

Immuno-EM

HMC-1 cells were fixed for 16 h in 2.5% glutaraldehyde with
4% paraformaldehyde in Sorensen’s buffer at 4 °C. Cells were
then washed in Sorensen’s buffer before being embedded in
agar (1% in Sorensen’s buffer). Cells were then fixed in 1%
osmium tetroxide, followed by dehydration in a series of etha-
nol washes (ddH2O, 30% EtOH, 50% EtOH, 70% EtOH, 80%,
90%, 95%, 100% �3, 20 min). Samples were transferred into
embedding resin (LR White resin, ProSciTech Australia)
through a series of ethanol:resin solutions (3:1 100% EtOH:
resin, 1:1, 1:3, 100% resin �3, 2 h). Samples embedded in the
resin were then allowed to polymerize at 60 °C for 24 h. Speci-
mens were sectioned (Leica EM UC6) and sections were
washed in ddH2O then DPBS before blocking for nonspecific
binding (1% (w/v) BSA in Tris-buffered saline (20 mM Tris base,
136 mM NaCl, pH 7.6) with 0.1% (v/v) Tween 20 (TBST)). Sec-
tions were probed with antibody clone 2B6 (1:500, 1% BSA/
TBST) for 2 h at room temperature. Sections were then probed
with 12 nm gold secondary antibody (goat anti-mouse IgG/
IgM, 1:50, Abcam). Sections were then washed with DPBS and
ddH2O and allowed to air dry before imaging. Sections were
imaged with a transmission electron microscope (JEOL1400,
100 kV).

Immunohistochemistry

Human skin samples were collected by Concord Hospital
(New South Wales, Australia) under ethics HREC/14/CRGH/
173 and were conducted in strict accordance with the Declara-
tion of Helsinki Principles. Following collection, samples were
fixed for 48 h in 4% paraformaldehyde at 4 °C. Following fixa-
tion, samples were placed in 70% EtOH and processed as
described previously (22, 27). Briefly, paraffin-embedded sam-
ples were sectioned (4 �m) and stained for analysis as follows.
Sections were washed twice, 5 min each, with xylene to remove
paraffin and the slides were immersed in a series of ethanol
solutions for 3 min each (twice in 100% (v/v), once in 95% (v/v),
once in 70% (v/v)) followed by several exchanges of water. His-
tological characterization was undertaken using toluidine blue
and immunohistological methods. Following rehydration, sec-
tions were stained with toluidine blue solution (pH 2.0) for 2
min, washed in reverse osmosis water three times, dipped into
95% EtOH, followed by 100% EtOH twice, cleared in xylene,
and mounted. Antigen epitope retrieval was undertaken by
immersing the slides, following rehydration, in 0.01 M sodium
citrate (pH 6), followed by heat treatment in a decloaking cham-

ber (Applied Medical, Rancho Santa Margarita, CA) at 120 °C
for 4 min. The slides were then rinsed with deionized water
followed by blocking with 3% (v/v) H2O2 for 5 min. Some slides
were also treated with C’ase ABC (0.05 units/ml) in 0.1 M Tris
acetate buffer (pH 8.0) for 3 h at 37 °C. The slides were washed
with TBST and then blocked with 1% (w/v) BSA in TBST for 1 h
at room temperature. The slides were incubated with primary
antibodies diluted in 1% w/v BSA in TBST at 4 °C for 16 h.
Primary antibodies included mouse monoclonal anti–mast cell
tryptase (clone AA1, Abcam, 0.1 mg/ml), mouse monoclonal
anti– chondroitin-4 sulfate stub (clone 2B6, 1:500), mouse
monoclonal anti– chondroitin-6 sulfate stub (clone 3B3, 1:500),
and rabbit polyclonal anti-HYAL4 (Abcam, 1:100). Slides were
then washed twice with TBST before incubating with the
appropriate biotinylated secondary antibodies (GE Healthcare,
1:500) for 1 h at room temperature. The slides were washed
twice with TBST then incubated for 30 min with streptavi-
din-HRP (1:250), rinsed four times with TBST before color
development with NovaREDTM chromogen stain (Vector
Laboratories, Burlingame CA, USA). The slides were then
counterstained with hematoxylin (Gill’s No. 3, Vector Labo-
ratories, Burlingame CA) for 6 s and rinsed with deionized
water. Slides were dehydrated through graded ethanol series
and mounted.

Western blot analysis

HMC-1 cell lysate was electrophoresed in 3– 8% (w/v) Tris
acetate gels (Invitrogen) under reducing conditions (0.1 M

dithiothreitol ) using Tris acetate buffer (50 mM tricine, 50 mM

Tris, 0.1% (w/v) SDS, pH 8.24) at 160 V for 45 min. A series of
molecular mass markers (Precision Plus All Blue, Bio-Rad) was
electrophoresed on each gel. Samples were then transferred to
PVDF membrane using transfer buffer (5 mM bicine, 5 mM Bis-
Tris, 0.2 mM EDTA, 50 �g/ml SDS, 1% (v/v) methanol, pH 7.2)
in a semidry blotter at 300 mA and 20 V for 60 min. The mem-
brane was blocked with 1% (w/v) BSA in TBST for 2 h at 25 °C
followed by incubation with primary antibody (HYAL4,
ab116547, Abcam) diluted in 1% (w/v) BSA in TBST for 16 h at
4 °C. The membrane was subsequently rinsed with TBST, incu-
bated with secondary HRP-conjugated antibodies (1:50,000)
for 45 min at 25 °C, and rinsed with TBST and TBS before being
imaged using chemiluminescence reagent (Femto reagent kit,
Pierce) and X-ray film.

Enzyme-linked immunosorbent assay (ELISA)

For the detection of CS chain or stub epitopes biotinylated
CS, CS-A, or CS-D (20 �g/ml) or model CSPGs including
ACAN, purified from bovine nasal cartilage (Sigma, 10 �g/ml
based on Coomassie Blue protein assay), or recombinant ser-
glycin (SGN), purified by anion exchange chromatography (42),
were digested with HYAL1 (1 �g/ml, 50 mM sodium acetate, pH
4), HYAL4 (0.2 �g/�g protein, 50 mM sodium acetate, pH 5), or
C’ase ABC (0.05 units/ml, 100 mM Tris acetate, pH 8) for 16 h at
37 °C. For the generation of CS stub epitopes over time samples
were prepared to treat 0.5 �g GAG/ml (based on DMMB assay).
Samples were digested with either C’ase ABC (0.01 units/mg
protein, 100 mM Tris acetate, pH 8) or HYAL4 (0.2 �g/�g pro-
tein, 50 mM sodium acetate, pH 5) for various time periods
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(0 –720 min) at 37 °C. At each time point, samples were incu-
bated at 100 °C for 5 min to inactivate the enzyme and then
stored at �20 °C until analysis. Samples were coated onto high-
binding 96-well ELISA plates (Greiner, Kremsmünster, Austra-
lia) for PG samples or streptavidin-coated 96-well plate (Nunc)
for the biotinylated-CS for 2 h at room temperature. Wells were
rinsed twice with DPBS followed by blocking with 0.1% (w/v)
casein in DPBS for 1 h at 25 °C. Wells were rinsed twice with
DPBS with 1% (v/v) Tween 20 (PBST) followed by incubation
with primary antibodies diluted in 0.1% (w/v) casein in DPBS
for 2 h at room temperature. Primary antibodies include CS-56,
1B5, 2B6, and 3B3, as described above. Wells were rinsed twice
with PBST followed by incubation with biotinylated secondary
antibodies (anti-mouse Ig or anti-rabbit Ig, 1:1000), followed by
streptavidin horseradish peroxidase (1:500). Immunoreactivity
was detected using the colorimetric substrate 2,2-azinodi-(3-
ethylbenzthiazoline sulfonic acid), and absorbance was mea-
sured at 405 nm.

Depolymerization and composition of GAGs by HYAL4

FITC-labeled GAG preparations, including CS-A, CS-C,
CS-D, and HA, were prepared as described (48). All the FITC-
labeled GAGs were sensitive to at least C’ase ABC and can be
degraded into small oligosaccharides as examined by gel filtra-
tion on a column of Superdex 200 (data not shown). FITC-
labeled CS and HA were analyzed by gel filtration HPLC on a
column of Superdex 200 before and after incubation with
human HYAL4 (R&D Systems) and monitored by measuring
the fluorescent intensity with excitation and emission wave-
lengths of 490 and 520 nm, respectively. GAGs from within the
CS repeating disaccharide region and the linkage region of
model CSPGs were also prepared and analyzed following treat-
ment with mouse HYAL4 and C’ase ABC. Model CSPGs
included ACAN derived from bovine nasal cartilage (Sigma-
Aldrich), salmon nasal cartilage (Ichimaru Pharcos Co., Gifu,
Japan), and recombinant SGN. For analysis of oligosaccharides
within the CS repeating disaccharide region, PGs were treated
with HYAL4 or C’ase ABC followed by labeling with 2-amino-
benzamide (2AB). For analysis of oligosaccharides from the
linkage region, PGs were alkaline-treated to release the GAGs
from the PG protein core and labeled with 2AB (49). The
labeled GAGs were then treated with either mouse HYAL4 or
C’ase ABC. Labeled CS oligosaccharides from the CS repeating
disaccharide region or the linkage region were analyzed by gel
filtration HPLC. Composition of the oligosaccharides within
the linkage region were further analyzed by anion-exchange
HPLC on an amine-bound silica PA-G column (YMC Co.,
Kyoto, Japan) using a linear gradient of NaH2PO4 as described
previously (49).
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